The water and sediment supply to the lower reach and estuary of the Yellow (Huanghe) River have been altered to a very significant degree by the construction of numerous small to large reservoirs and the progressive implementation of water and soil conservation measures across the entire drainage basin since the late 1950s, followed by a basin-scale water regulation program since 2002. There is an urgent need to know how progradation of the Yellow River delta (YRD), an area on which people live and farm, has continued and will continue to respond to these controls. This study examines the changing patterns of water and sediment supply to the YRD over the period of 1950-2013 and, using remote sensing, it evaluates the morphological changes of the delta during 1976-2013. Although both water and sediment input to the delta have been described as declining significantly since the mid 1960s, we show that since 2005 the supply of water has remained at around 20 billion m 3 yr −1 and that for sediment at about 0.13 billion t yr
The Yellow (Huanghe) River delta (YRD) is one of the most rapid sedimentation areas on Earth because the river is the most sedimentladen in the world and supplies a very large amount of sediment to its estuary each year. As it has been estimated that the Yellow River historically delivered annually some 1.08 billion t of sediment to the sea, accounting for 6% of the total fluvial terrestrial-sediment into global oceans (e.g. Milliman and Meade, 1983; Saito et al., 2007) . In contrast to such dynamic river processes, the delta has been subject to relatively weak ocean dynamics due to a low tidal range and a slow rate of sealevel rise (e.g. Ren and Shi, 1986; Wang et al., 1992 Wang et al., , 2012 Zeng, 1997; Saito et al., 2001; Hu and Cao, 2003) . As a result, a large amount of sediment carried by the Yellow River has been deposited near the river mouth, forming a vast delta that has extended over 800 km during the Holocene from the Bohai Sea in the north to the Huanghai Sea in the south (Chinese Academy of Sciences, 1980; Hillel, 1991; Li and Finlayson, 1993; Van Gelder et al., 1994) .
In line with the creation of such an extensive delta, the course of the river to the sea has often changed according to historical documents over the past 4200 years (e.g. Chinese Academy of Sciences, 1980; Pang and Si, 1980; Li and Finlayson, 1993; Zeng, 1997; Saito et al., 2000) . In some cases this affected a large number of people and the collapse of regional economies (e.g. Wang and Liang, 2000; Zhu et al., 2003) . To reduce the oversupply of sediment and to make optimal use of the water, many approaches have been adopted, including systematically building numerous small to large reservoirs and adopting effective water and soil conserving measures across the entire basin of the Yellow River since the late 1950s. These intensive human activities, together with the regional climate change consisting of higher temperatures and the increasing frequency and intensity of droughts in recent decades, have lowered water and sediment yields significantly from the upper and middle Yellow River Basin (e.g. Fan et al., 2006a,b; Wang et al., 2007; Peng et al., 2010; Ringler et al., 2010; Yu et al., 2013a,b) . Consequently, the amount of water and sediment delivered to the YRD has reduced and the rate of sedimentation in the estuary slowed greatly, causing significant coastal erosion in many parts of the delta (e.g. Chu et al., 2006; Saito et al., 2007; Wang et al., 2010; Ma et al., 2012; Yu et al., 2013a,b; Chu, 2014; Liu et al., 2014; Zhou et al., 2014) . The delta today supports a human population of more than two million who obtain their livelihood from farming, fishing and oilexploiting, so changes to its water and sediment supply and land area can have profound impacts.
Associated with water and sediment reduction, there have been numerous times during the 1980s and 1990s when water flow to the estuary has ceased completely, causing wide ranging concern as to the health of the second largest river in China (e.g. Giodano et al., 2004; Yang et al., 2004) . To address this, a water regulation program has been enforced by the government of China since 1999 and enhanced since 2002 after the Xiaolangdi Reservoir became fully operative. This regime of regulation controls the supply of water and sediment to the YRD to a significant degree and yet little is known as to how progradation and erosion of the YRD have responded.
The morphological development of a delta is determined by many factors, such as sediment input, tidal regime, wave energy, river discharge, and littoral currents (e.g. Wright and Coleman, 1973; Allison et al., 1995; Roberts, 1997; Zhao et al., 1997; McManus, 2002; Bridge, 2003; Blum and Roberts, 2009; Lamb et al., 2012; Nanson et al., 2013) . Among so many potential factors, detailed studies of the changes in the accretion of the YRD during 1953 YRD during -1997 have shown that sediment input is the major factor driving progradation (e.g. Wang and Liang, 2000; Chu et al., 2006; Wang et al., 2006; Bi et al., 2014) , but water supply is also important (e.g. Xu, 2002; Zhang and Hu, 2007a,b; Cui and Li, 2011) . Sediment input provides material for delta construction while water supply provides the dynamic conditions for sediment transport and deposition. Xu (2002) suggested that the effects of both water and sediment supply on the progradation of the YRD need to be determined in an integrated way; however, most studies so far have focused on these parameters separately (e.g. Wang et al., 2006 Wang et al., , 2010 Cui and Li, 2011; Bi et al., 2014) . The lack of an integrated approach makes it difficult to evaluate the combined effects of water and sediment supply on delta progradation.
To evaluate how the YRD tends to respond to the implementation of the basin-scale water regulation program, this study examines the changing patterns of annual runoff and sediment supply from 1950 to 2013 and assesses the degree of human control that has influenced the morphological changes of the delta. Furthermore, using remote sensing images, the extension/shrinking and avulsion of river mouth channels and the corresponding accretion/erosion patterns of the shorelines during the period 1976-2013 are analyzed. Finally, an integrated quantitative relationship between land-accretion and water and sediment supply to the YRD is developed and the potential effects of the implementation of the basin-scale water regulation program on the progradation of the YRD are evaluated.
Geographic characteristics of the study area
The vast YRD consists of two parts, the ancient delta and the modern one. They were separated in 1855 when a major switch occurred in the Yellow River's course, from the Huanghai Sea in Southeast China (south of the Shandong Peninsula) to the Bohai Sea in Northeast China (south of Tianjin) (e.g. Pang and Si, 1980; Wang and Liang, 2000; Ganti et al., 2014) . Since the switch, a delta of about 6113 km 2 has formed in the northeast part of Shandong Province, with the delta's vertex moving downstream gradually from Lijin (Wright et al., 1990; Li et al., 1998; Shi and Zhang, 2003) (Fig. 1 ). Across the current delta, abundant wetlands have developed largely from the abandoned river mouth channels. These wetlands host a diverse biological habitat that include over 1900 ground animal and plant species, as well as over 260 bird species. Importantly, the YRD provides a resting place for migrating birds, including about 152 protected species from the inland of the northeastern Asia and the western Pacific Ocean. Because the delta has undergone rapid economic development including exploitation of its associated oil field, the question of how to keep the structure and function of these wetlands secure has been the subject of numerous studies. Negative impacts of development include seawater intrusion due to reduced water and sediment discharges and associated weakening river dynamics in recent decades (e.g. Lian et al., 2008; Ottinger et al., 2013; Kuenzer et al., 2014) .
Since the modern YRD development initiated in 1855, the river's major courses to the sea have shifted frequently. The last three major courses of the river have been Shenxiangou from 1953, Diaokougou from 1964, and Qingshuigou from 1976 (Fig. 1b) . The last of these is the main focus of this study because it bears a clear imprint of the influences of human intervention on the delta's development, especially the effect of the water regulation program which was implemented over the entire drainage basin of the Yellow River since 2002.
3. Changing patterns of water and sediment supply to the YRD during 1950-2013
Water regulation program
The water regulation program of the Yellow River was initiated for ensuring that the Yellow River mouth would receive water throughout the entire year. This program initially developed from a crossprovincial, quota-based water allocation agreement enforced by the Government of China in 1999 (Chen et al., 2002; Zhu et al., 2003) . The main reason for implementing the program is that the YRD frequently encountered very low flows and even no-flow periods during the 1980s and the 1990s, with devastating effects on wetland ecosystems and serious water-use problems in the lower Yellow River and the YRD (Cai and Rosegrant, 2004) . Three large reservoirs have been operated jointly by the Yellow River Water Conservancy Commission to control the use of water from the Yellow River in each of the eight provinces that constitute the basin (Fig. 1a) , and the Sanmenxia Reservoir built near the end of the middle Yellow River (where it leaves the uplands) in 1960 (Fig. 1a) . Although the Sanmenxia Reservoir initially had a volume of 36 billion m 3 , heavy sedimentation after its construction has reduced its available volume to less than 1 billion m 3 (Chen et al., 2002; Ma et al., 2012) . Despite such a substantial loss, it still has some capacity for adjusting runoff and sediment, and the joint operation of these three large dams has successfully ended more than two decades of no-flows in the lower Yellow River and the YRD (e.g. Chen et al., 2002; Wang, 2005 Wang, , 2010 and location at the exit of the last gorge in the middle reach of the Yellow River, about 130 km downstream of the Sanmenxia Reservoir ( Fig. 1a) , it provides a very effective control over the release of water and sediment to the lower Yellow River and the YRD. This has significantly enhanced implementation of the water regulation program in the lower drainage basin. In particular, the joint operation of the four large reservoirs (Longyangxia, Liujiaxia, Sanmenxia and Xiaolangdi) not only ensures that water flow to the estuary of the Yellow River will not be cut off in dry seasons, but also makes it possible to release specially modulated water and sediment regimes through Xiaolangdi Dam to the lower reach and estuary of the Yellow River. Since 2002, this water-sediment modulated scheme has been conducted in June every year and as a result, a considerable amount of sediment deposited in the Xiaoliangdi Reservoir has been expelled out and the uplifted bed of the lower reach of the Yellow River scoured to a considerable degree (e.g. Wang et al., 2010; Chen et al., 2012; Chu, 2014) . Due to the heavy deposition of sediment, the channel bed of the lower reach has become elevated above the adjacent valley floor by some 8 to 12 m over the past 40 years, so this water-sediment modulated scheme helps to reduce the discrepancy in channel and ground elevation (Ma et al., 2012; Chu, 2014) .
Changing patterns of water and sediment supply to the YRD
The Lijin hydrological gauging station, located about 100 km upstream from the present mouth of the Yellow River (Fig. 1a) , has been recording the variations of water and sediment supply since 1950. In correspondence to the recent changes in the Yellow River course, Table 1 presents the average annual runoff and sediment supply in six periods during 1950 to 2013. The average annual runoff and sediment supply are the highest in the first period (1950) (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) when the river adopted the Shenxiangou course, 61.5% and 64.1% higher than the corresponding averages for the entire 64 years (30.5 billion m 3 yr , while the lowest sediment supply took place in the latest period 2006-2013 with an average value of only 0.13 billion t yr −1 . These changing patterns of runoff and sediment load are closely linked to the operation of the four large reservoirs in the upper and middle reaches of the Yellow River, as detailed by Ma et al. (2012) and Chu (2014) . 
For 2003-2013:
where Q is the annual runoff (billion m 3 yr −1 ), Q s is the annual sediment load (billion t yr .
4. Changes in river mouth channels and delta area
Data extraction
Remote sensing is an effective means for studying the morphological changes of deltas (e.g. Huang et al., 1994; El-Raey et al., 1999; Yang et al., 1999; Chang et al., 2004; Chu et al., 2006) . To evaluate such changes in the estuary of the Yellow River, Landsat MSS, TM and ETM images provided by the USGS covering a period of 40 years are used here (http://glovis.usgs.gov/). Because the Yellow River switched to the Qingshuigou course to the sea since 1976 and this overlaps with the available period of remote sensing, these images provide very suitable evidence of the delta's morphological change.
The tidal regime in the estuary of the Yellow River is characterized by an irregular semi-diurnal form in the Bohai Sea with a maximum range of 0.7-1.8 m, increasing gradually from the north to the south (Qin et al., 1985) . In addition, the remote sensing images for the Yellow River delta were taken each time around 10:30 locally (around 2:30 at UTC time) where the tides are relatively low, but the lunar days when the images were taken vary from the beginning to the end of the month. Hence, the remote sensing images accommodate a wide-range variation of tides and the impact of the tides needs to be taken into account in evaluating changes in river mouth channels and shorelines. Since the reflectance of water is nearly equal to zero in reflective infrared bands of remote sensing, the reflectance of the majority of land cover is greater than water. As demonstrated in previous studies (e.g., Chu et al., 2006; Cui and Li, 2011; Kuenzer et al., 2014) , remote sensing images normally display a distinct water-land boundary, which can be determined on a GIS platform.
The coastlines extracted from the remote sensing images, however, are the result of the temporary variations of lunar and wind-driven tides, and so it is necessary to minimize the effects of the variations in order to find the coastlines at mean sea level. Although it is not possible to obtain detailed elevation information from remote sensing images, a relatively high interface that does not encounter much disturbance from normal lunar and wind-driven tides can be identified. Studies of Chang et al. (2004) and Liu et al. (2006) on the coastal line changes of the Yellow River delta have demonstrated that such an interface is indeed determinable from remote sensing images. Because normal lunar and wind-driven tides cannot overtop the land above the interface except during very large tides, soil water and salt in the less frequently inundated areas are significantly different from those on lower surfaces experiencing more frequent inundation by tides. In addition, prolonged periods of exposure to the air enable the growth of salt marsh and shrubs. All of these make the land above the interface take a specific reflectance in remotely sensed images and thus areas of commonly exposed land can be determined with an automatic segmentation method with the interface being drawn by hand on a GIS platform. The difference between the high interface and the low water-land boundary illustrates the varying range of normal tides, and so statistically the mean tidal level can be represented with the average of the differences over a sufficiently long time.
Because the river mouth channels in the Yellow River delta have avulsed about once every 10 years over the past century, decadal time-lapsed remote sensing images were selected for this study. 1977, 1987, 1996, 2000, 2002, 2003, 2005, 2009 and 2014 . Moreover, the watersediment modulated scheme has been implemented in June each year, and thus we selected images taken in May to avoid this possible disturbance. All these selected images have a cloud cover of less than 30% (Fig. 3) . The spatial resolution of the MSS image taken in 1977 is 80 m, while that of the other eight TM images is 30 m. The color composite images with MSS 432 and TM 543 as Red, Green and Blue (RGB), respectively, were acquired using ENVI 4.6 software. Then, ArcGIS 10.0 was used to calculate the land area above the high interface that is not subject to frequent inundations of tidal water and the area between the high interface and the temporary land-water boundary. On the platform, the high interface, the land-water boundary and river mouth channels were drawn manually.
Changing patterns of river mouth channels and shorelines
Figs. 4 and 5 show the changes in the river mouth channels at the mean tidal level delineated from the selected remote sensing images for 1977 to 2014. The river mouth channels on the delta display complex spatial and temporal distributions. They have experienced two significant avulsions since 1976. Before 1996, the river occupied an essentially straight single channel southeast to the sea, increasing its length significantly over that period. In 1996, it avulsed northeastward in the upper part of the old mouth channel, significantly reducing its length to the sea. During 2005 During -2009 , it avulsed northward once again but from a downstream part of the new channel, forming a small delta lobe with two or more channels discharging water and sediment to the sea (Fig. 4) . In each avulsion, new mouth channel increases its length rapidly, while the old mouth channel shrinks significantly because of the turnoff of river flow and sediment supply (Fig. 5) Figs. 6 and 7 show the changes in the shorelines and land-accretion area of the YRD at the mean tidal level delineated from the selected sensing images in the period of 1976 to 2014. The shorelines are closely related to the development of river mouth channels. In the early stage of a new mouth channel development, the shorelines expand seaward at a fast pace, but when the mouth channel is abandoned, they shrink quickly. As a result, the land of the delta accretes at one place and yet reduces at another (Fig. 6) . Nevertheless, the accumulative land-accretion in the YRD shows an increasing trend from 1977 to 2013, while in the period 2000-2009 the land-accretion shows a dramatic loss and then a large gain (Fig. 7) . Since 2009, there has been almost no land accretion in Fig. 3 . Remote sensing images of the modern delta of the Yellow River in nine scenes from 1976 to 2013. the YRD. As described earlier, this is mainly due to the water impoundment of the Xiaolangdi Reservoir and the joint operation of the four large reservoirs.
Over the entire period of 37 years, the land accreted by 191 km 2 , with an average annual increase rate of 5.16 km 2 yr − 1 . Temporally, however, the centerlines of the two mouth channels and the average growth rates of land-accretion in the delta show firstly a decreasing and then an increasing trend before and after 2002 (Fig. 8a) . During 1977 During -1996 (before the first avulsion of the mouth channel) and 1996-2014 (after the first avulsion), the land area of the delta increased by 88 and 103 km 2 , respectively (Fig. 8a ) and the two mouth channels extended by 20 and 12 km, respectively (Fig. 8b) . During the period from 1977 until 2014, the highest extension rate in the centerline of the mouth channels occurred from 2000 until 2002, with an extension of 5 km in the total length at a rate of 2.4 km yr −1 (Fig. 8c,d ).
After the avulsion in 1996, the old mouth channel started to erode back rapidly with a mean rate of −0.52 km yr −1 (Fig. 8e) . , respectively (Fig. 8b) . These are low compared with the average land accretion rate of nearly 40 km 2 yr −1 for the YRD during 1954-1982 reported by Wang et al. (2005) ; clearly land accretion in the delta slowed down between 1977 and 2014. 
Relationship between land-accretion and water and sediment supply
Sediment provides the material for land creation in deltas and so it has been regarded as the major factor determining the development of the YRD. Wang et al. (2006) in particular showed that there is a close correlation between sediment input and land-accretion in both the estuary and the delta of the Yellow River in the separate periods of 1953 -1973 (Shenxiangou and Diaokouhe courses) and 1976 . While this proposition gained support from Bi et al. (2014) in their analysis of the estuarine change of the YRD in the period -2011 , Cui and Li (2011 identified that besides the close correlation with sediment input, land-accretion of the YRD in the period 1976-2005 also correlates closely with the quantity of water supplied from the river. In addition, these previous studies have focused on the delta's morphologic change only in specific short periods and/or on just parts of the delta, so it is necessary to examine if the correlations exist between land-accretion with sediment input and water supply over the delta for a long period.
There are many datasets available about the land-accretion change in the YRD, but they were obtained at different tidal levels. The datasets from Wang (1985) and Xu (2002) are examined in this study, together with the new dataset, because the former two datasets cover a long period from 1955 to 2013 and illustrate the corresponding land-accretion change over the delta at mean sea or mean tide level. The dataset of Wang (1985) has been officially accredited and was obtained through computing the variation of land-accretion area in the YRD in the period 1955-1980 representing the yearly area change in the zero-meterdepth contours of the sea charts surveyed for navigation in the Yellow River estuary. Xu (2002) obtained his dataset by extracting the waterland boundaries of the YRD from remote sensing images taken in the period 1981-1989 and then corrected the extracted data so that they can represent the coastlines approximately at mean tidal level. As detailed earlier, the dataset obtained in this study is based on the mean tidal level of the YRD. Fig. 9 presents the integration of the collected three datasets. Because the datasets overlap in the period 1976-1989, the integration provides an opportunity to examine if the land-accretion data obtained in this study deviates significantly from those previously measured.
In Fig. 9 the plots of the land-accretion area in the YRD against either runoff or sediment from the three datasets do not deviate significantly and fall in essentially consistent ranges. This justifies the use of the dataset obtained in this study using remote sensing images. The integrated datasets provide the following linear regression relationships:
where R A is the yearly land-accretion area (km yr
). Eqs. (5) and (6) indicate that both runoff and sediment have close relationships with the land-accretion area. To represent the integrated effects of runoff and sediment supply, the following multi-variant linear regression relationship was determined:
Fig. 10 plots the calculated land-accretion area using Eq. (7) against the measured land-accretion in the three datasets. Although some scatters exist around the line of perfect agreement, the distribution tends to follow the line, justifying the use of the multi-variant linear model.
Critical water and sediment supply for land accretion
Because the YRD has been continuously creating new land since its inception, the significant declines in the water and sediment supply to the delta over the last several decades have aroused considerable concerns for those interested in agriculture and socio-economic development and those concerned with wetland conservation for wildlife (Zhu et al., 2003; Wang et al., 2010; Kuenzer et al., 2014) . To address these issues, several studies have estimated the minimum amount of sediment input and/or water supply required before net erosion of the YRD occurs. Table 2 presents the results of these previous studies and shows that some determined only the critical sediment condition for the land accretion (e.g. Wang et al., 2006; Bi et al., 2014) , whereas others determined both critical water and sediment conditions, yet quite separately (e.g. Cui and Li, 2011) . In some cases different critical sediment and water conditions were given for different time periods, even in the same study (e.g. Wang et al., 2006; Cui and Li, 2011) . Furthermore, the critical sediment and water conditions given in the previous studies vary widely from 0.05 to 0.421 billion t yr −1 and 7.67 to 14.0 billion m 3 yr −1
, respectively (Table 2) . These make the results in Table 2 difficult to use for the evaluation of the effects of the basinscale water regulation program on the progradation of the YRD.
As demonstrated earlier in this study, Eq. (7) covers a substantial period of time, including those periods addressed in the previous studies (Table 2) . Importantly, Eq. (7) quantifies the effects of both water and sediment supply on the land accretion of the YRD in an integrated way, a methodological advance over the previous studies. Eq. (7) can be used to determine the critical water and sediment condition for land accretion in the YRD. By letting R A ≥ 0, Eq. (7) . When either of the pair Q s or Q takes a value larger than its respective critical value, the land accretion occurs irrespective of the value of another parameter. On the contrary, when either of the pair Q s or Q takes a value less than its respective critical value, whether the land accretion occurs or not depends on the value of another parameter. , Eq. (9) indicates that Q s needs to be larger than 0.01, 0.07, 0.13 and 0.17 billion t yr respectively. Hence, with less water contributing to the accretion of new land, more sediment is required to achieve the critical condition. As shown in Table 1 and Fig. 3b , the sediment input to the YRD vary around 0.13 t yr − 1 in the latest period, 2006-2013. This is below 0.2 billion t yr − 1 , the minimum sediment requirement presented in Eq. (8). Therefore, care needs to be taken in the future implementation of the basin-scale water regulation program in order to ensure that no land in the YRD will be lost to ocean. Although this study highlights the importance of the critical water and sediment condition and the methodological advance in determining the critical condition, the present analysis is still preliminary and general. It has not considered the adjusting process of channel geometry and gradient, as well as the reworking process of sediments deposited around the mouth channels. More detailed studies of the dynamic interactions among river flow, sediment movement, estuarine and coastal morphology, and tidal and oceanic flow at multiple tempo-spatial scales should be conducted in the future.
Conclusions
The construction of numerous small to large reservoirs, the implementation of water and soil conservation measures and a water regulation program across the Yellow River basin have produced widely recognized changes in the water and sediment yield of river since the mid 1960s. To evaluate how these changes have affected progradation of the YRD, this study presented a detailed analysis of the changing patterns of water and sediment delivered to the delta from 1950 to 2013 and examined changes in the river mouth channels and shorelines of the delta from 1976 to 2013 using remote sensing. An integrated relationship between land accretion on the YRD and the annual runoff and sediment yields at the Lijin station was analyzed. The effects of the implementation of the basin-scale water regulation program were evaluated.
During the period of markedly reduced water and sediment delivery to the YRD from 1976 until 2013, a significant change occurred in 2002-2005, after which the supply of water and sediment tended to be constantly low. This was due to the implementation of the water regulation program in the drainage basin and contrasts to the interpretations of most previous studies that indicated more continuous decline of water and sediment supply.
In response to the changes in water and sediment supply, the growth rates of river mouth channels, shorelines and land area change from an increasing trend to a declining one. The period from 2000 to 2005 was transitional, during which the delta's morphology shows very complex changes.
Integrating all available data for the period 1955-2013, we have developed of a relationship showing the integrated effects of sediment and water supply on land accretion in the YRD. The relationship was used to define the critical values of sediment and water supply to the YRD. For decision-making on the implementation of the basin-scale water regulation program, however, further detailed theoretical studies are needed.
